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BioQuant and German Cancer Research Center, Heidelberg, GermanyABSTRACT Nucleosomes, the basic repeating unit of chromatin, consist of 147 basepairs of DNA that are wrapped in almost
two turns around a histone protein octamer core. Because ~3/4 of the human genomic DNA is found within nucleosomes, their
position and DNA interaction is an essential determinant for the DNA access of gene-specific transcription factors and other
proteins. Here, a DNA lattice model was developed for describing ligand binding in the presence of a nucleosome. The model
takes into account intermediate states, in which DNA is partially unwrapped from the histone octamer. This facilitates access of
transcription factors to up to 60 DNA basepairs located in the outer turn of nucleosomal DNA, while the inner DNA turn was found
to be more resistant to competitive ligand binding. As deduced from quantitative comparisons with recently published experi-
mental data, our model provides a better description than the previously used all-or-none lattice-binding model. Importantly,
nucleosome-occupancy maps predicted by the nucleosome-unwrapping model also differed significantly when partial unwrap-
ping of nucleosomal DNA was considered. In addition, large effects on the cooperative binding of transcription factors to multiple
binding sites occluded by the nucleosome were apparent. These findings indicate that partial unwrapping of DNA from the
histone octamer needs to be taken into account in quantitative models of gene regulation in chromatin.INTRODUCTIONThe eukaryotic genome is organized by histone proteins in
a supramolecular nucleoprotein complex referred to as chro-
matin (1). The DNA sequence can be represented as a one-
dimensional lattice encoding for genes that are expressed in
a tightly controlled manner that reflects certain cellular
states. This process is controlled by the context-dependent
binding of regulatory molecules that recognize features of
the DNA sequence as well as posttranslational histone modi-
fications and the spatial conformation of chromatin. Many
mathematical descriptions of gene regulation are performed
in the framework of one-dimensional DNA lattice models,
which are conceptually based on the assumptions of Markov
(2) or Ising (3) models. In this type of model, a molecular
system is divided into elementary units (e.g., basepairs for
DNA) and is described by multiple states associated with
each unit, e.g., bound/unbound (4–20). The states of the
whole system are then represented as different combinations
of states of the elementary units. Lattice models commonly
consider a protein as a single entity, which can bind a fixed
number of DNA sequence units. Different approaches for
the description of protein-DNA binding in the context of
chromatin have been reviewed recently (21). For simplicity
it is usually assumed that a protein can be either bound or
not, and that intermediate states are absent. If, for example,
a protein covers m nucleotides upon binding to the nth DNA
site, all nucleotides from n to n þ m  1 are excluded from
binding to other proteins. However, in reality, DNA-binding
does not follow a simple all-or-none binding mechanism
but, instead, proceeds via intermediate states. These maySubmitted June 4, 2010, and accepted for publication August 13, 2010.
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0006-3495/10/10/2597/11 $2.00provide the molecular basis for induced-fit recognition and
assembly of multisubunit complexes. For example, the
human RNA polymerase I transcription factor UBF has
several HMG domains. These bind DNA progressively
(depending on the DNA distortion induced by already bound
HMG domains) and increase DNA bending further (22).
Here, we will focus on the basic building block of chro-
matin, the nucleosome, for which intermediate binding
states are critically involved in its biological function. The
nucleosome consists of a 147-bp-long DNA segment that
is wrapped around a protein core consisting of eight
histones, with two copies each of the histones H2A, H2B,
H3, and H4. The nucleosome structure is dynamic and regu-
lates gene expression by modulating DNA accessibility. To
mediate access of the nucleosomal DNA for the binding of
transcription factors (TFs), nucleosomes are either translo-
cated along the DNA by chromatin remodeling complexes
(4,13,23,24), or a partial unwrapping of the DNA from the
histone octamer core occurs (25–35) (Fig. 1). Several mech-
anistic models to describe nucleosome unwrapping have
been proposed during the last few years in the context of
force spectroscopy experiments (36–39). However, these
descriptions do not directly apply to in vivo processes where
unwrapping of DNA may occur spontaneously in the
absence of a directed force.
Here,we have developed (to our knowledge) the first lattice
model in the framework of Ising-Markov approaches that
allows treating intermediate states of protein binding to the
DNA. The model provides a general approach to DNA-
binding problems ranging from simple polyamines to tran-
scription factors and nucleosomes. After formulating it as
an extension of the previously suggested transfer matrix
formalism (13,40,41), the model is applied to DNA unwrap-
ping from the nucleosome. From a comparison of ourdoi: 10.1016/j.bpj.2010.08.019
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FIGURE 1 A lattice model for unwrapping DNA from the nucleosome.
(A) Lattice model for the interactions of the DNAwith the histone octamer
core. The histone core is considered as an extended ligand, which covers
m ¼ 147 bp upon interactions of the DNAwith the protein. If unwrapping
is considered, a fraction of interactions at both ends of the protein-covered
DNA region can be disrupted. (B) A transcription factor can bind the DNA
partially unwrapped from the histone octamer. The unwrapping of h base-
pairs is depicted in the lattice model as unbinding of h corresponding
protein-DNA contacts out of a total of 147 bonds. (C) If nucleosome un-
wrapping is allowed, nucleosomes can invade each other’s binding sites.
2598 Teif et al.calculations with the available in vitro and in vivo experi-
ments, it is suggested that unwrapping DNA from the nucle-
osome facilitates access of transcription factors to the DNA
sequence situated close to the region where the DNA enters/
exits the nucleosome. This approach is extended to evaluate
the nucleosome-mediated cooperativity of TF binding. In
addition, it is concluded that partial unwrapping of individual
nucleosomes can also affect large-scale genomic nucleo-
some-occupancy maps. Because our model includes conven-
tional all-or-none binding as a particular case, we suggest
that it might be considered as a general extension of lattice
models currently used in genomic studies for a more faithful
description of TF interactions with chromatin.MATERIALS AND METHODS
Lattice model calculations
Calculation of nucleosome unwrapping, TF-nucleosome competition, and
the maps of TF and nucleosome occupancies on the DNAwere performed
as described in the Theory section.Biophysical Journal 99(8) 2597–2607Molecular dynamics simulation
The interaction enthalpy for each basepair in the nucleosome was calcu-
lated using the molecular dynamics (MD) trajectory of a nucleosome simu-
lated for ~20 ns at 1 bar pressure, 300K, in explicit water with 150 mM
NaCl. The simulations and analysis were performed with software package
NAMD (Ver 2.6) (42) and the NAMD Energy plugin provided by the
visualization software VMD (Ver 1.8.6) (43), respectively. The electrostatic
and van der Waals interactions of the 147 single basepairs with histone
proteins were calculated every 20 picoseconds, resulting in 956 snapshots
of the nucleosome trajectory, which were averaged to determine the average
interaction enthalpies for each basepair.THEORY
We consider reversible binding of proteins of f types to the
DNAwith the DNA basepairs numbered by index n¼ (1, N).
A protein of type g¼ (1, f) covers up tomg lattice units upon
binding to the DNA. The value mg corresponds to the length
of the DNA binding site in the conventional all-or-none
model (41). However, in our approach, intermediate binding
states with effective binding site length <mg are also
allowed. Thus, for a binding event, it is not necessary that
all interaction sites of the protein are in contact with the
DNA (e.g., one or more protein-DNA contacts may remain
in the unbound state). This is represented in the model by
splitting the protein-DNA interactions into discrete contacts,
one per each DNA lattice unit, which are characterized by
their microscopic binding constants. The microscopic
binding constants K(n,g,h) assigned for each DNA unit
h ¼ (1, mg) covered by the protein are chosen such that
their product yields the macroscopic binding constant
K(n,g) for the whole protein binding to its target DNA
sequence (n, n þ mg  1). In the calculations performed
below, we define the elementary DNA unit to be one base-
pair. In the initial calculations, the microscopic protein-
DNA binding constant for each lattice unit is given as
Kðn; g; hÞ ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Kðn; gÞmg
p
;
i.e., interactions are equally distributed over all protein-
DNA contacts. Then a potential with local variations of
the binding energy is derived here from MD simulations
and compared to the homogeneous potential.
In the dilute-solution approximation, protein binding
decreases its entropy by
R  ln ½c0ðgÞ;
where co(g) is the concentration of free protein of type g.
Accordingly, bound protein states are characterized by addi-
tional statistical weights co(g) while unbound states have
weight 1. In the computational model, we assign the weight
co(g) to the first protein-DNA contact. Thus, the entropic
cost for removing the unbound protein from the bulk
solution to the DNA is independent of the number of
protein-DNA contacts (co(g) per protein), while the energy
contribution from protein-DNA interactions increases with
the number of formed contacts with a value of K(n,g,h)
TABLE 1 State enumeration for a DNA unit
State number State description
1 First unit of type 1 protein
. .
m1 Last unit of type 1 protein
. .
Pf1
1
mg þ 1 First unit of type f protein
. .
Pf
1
mg Last unit of type f protein
Pf
g¼1
mg þ 1 Left free DNA end
Pf
g¼1
mg þ 2 Right free DNA end
. .
Pf
g¼1
mg þ 2þ
Pg21
g¼1
Vg þ l g1-l-g2 gap (l free units before
next g2 protein), l % Vg2
. .
Pf
g¼1
ðmg þ VgÞ þ 2þ l g1-l-g2 gap (l free units before
next g2 protein), l > Vg2
. .
Pf
g¼1
ðmg þ VgÞ þ 2þmaxðVgÞ þ 1 Free unit out of protein-protein
interactions, not at the DNA ends
A Lattice Model for Nucleosome Unwrapping 2599per contact. The energetic gain for an individual protein is
maximal when all mg contacts are formed. On the other
hand, incomplete binding leaves more space for the binding
of other proteins to the DNA lattice. Thus, the final
combinatorial optimization is not trivial and needs to be
calculated.
For the nucleosome, incomplete binding corresponds to the
unwrappingof theDNAfrom thehistoneoctamerprotein core.
The initiation of unwrapping might be assigned an additional
weight Unwrap, which may depend on the protein type g and
the length of unwrapped DNA h: Unwrap ¼ Unwrapðh; gÞ:
In the calculations reported here, we assume that there are
no specific obstacles for unwrapping, i.e.,Unwrap¼ 1. Setting
Unwrap ¼ 0 would make this model equivalent to the all-or-
none binding where partial unwrapping is prohibited. Thus,
our model can be viewed as a generalization of protein-DNA
binding models, including classical all-or-none binding as
a specific case. To derive a general description, we also
consider the possibility that proteins bound to the DNA
interact with each other. This interaction is characterized by
a parameterw(l, g1, g2) that represents the interaction potential
between the proteins of type g1 and g2 separated by the
distance l. At l¼ 0,w is equivalent to theMcGhee-vonHippel
contact cooperativity parameter (17,44). Each protein is
characterized by the maximum interaction distance Vg.
Proteins do not interact at distances larger than Vg;w
ðl > Vg; g1; g2Þ ¼ 1: Anticooperativity corresponds to w ¼
0. For example, one can formulate the condition that nucleo-
somes cannot come closer than 10 bp to each other as w(l%
10, g1, g2)¼ 0. In the calculations reported below, long-range
interactions are not taken into account, and protruding of the
protein’s DNA interaction site beyond the end of the DNA
lattice is prohibited. Furthermore, a steric overlap of two
proteins is not allowed unless one of them is bound to the
DNAonly partially. In the latter case, unboundDNAbasepairs
belonging to the binding site of the first protein can be involved
inDNA-binding of the secondprotein (Fig. 1 andFig. S1 in the
Supporting Material).
Following previous works (12,13,40,41), all microstates al-
lowed for each individual DNA unit (basepair) are enumer-
ated (Table 1). The transfer matrices contain conditional
probabilities Qn(i, j) of having unit n in state i and unit
(n þ 1) in state j. The following algorithm allows assigning
nonzero elements of the transfer matrix, taking into account
intermediate bound states for large proteins (mg > 1):
1. First unit of g-type protein followed by the second unit:
1%g%f ; i ¼
Xg1
k¼ 1
mk þ 1; j ¼ i þ 1 :

n ¼ 1 : Qnði; jÞ ¼ Kðn; g; 1Þ  c0ðgÞ;
1 < n% N  mg  1 : Qnði; jÞ ¼ Kðn; g; 1Þ:
(1)
2. Bound unit of g-type protein, not at the ends of the
protein, followed by another bound unit (if m > 2):1%g%f ; i¼ Pg1
k¼ 1
mk þ 1þ h; j ¼ iþ 1; 1 < h%mg2;
h < n%Nmg  h 1 : Qnði; jÞ ¼ Kðn; g; h þ 1Þ:
(2)
3. Bound unit (mg h) of g-type protein followed by a right
free DNA end (h protein units are unbound):
1%g%f ; i ¼ Pg
k¼ 1
mk  h; 0%h%mg;
j ¼ Pf
g¼ 1
mg þ 2;mg  h%n%n h :
n¼1 :Qnði; jÞ¼K

n; g;mgh
c0ðgÞUnwrapðh; gÞ;
n > 1 : Qnði; jÞ ¼ K

n; g;mg  h
Unwrapðh; gÞ:
(3)
4. Bound unit (mg1  h1) of g1-type protein followed by
unit 1 of g2-protein (no gap between proteins; h1 units
of g1-protein are unbound):
1%g1%f ; i ¼
Pg1
k¼ 1
mk  h1; 0%h1 < mg1;
1%g2%f ; j ¼
Pg21
k¼ 1
mk þ 1; mg1  h1%n%N  mg2 :
f n ¼ 1 : Qnði; jÞ ¼ Kn; g1;mg1  h1 wð0; g1; g2ÞUnwrapðh1; g1Þ  c0ðg1Þ  c0ðg2Þ;n > 1 : Qnði; jÞ ¼ Kn; g1;mg1  h1 wð0; g1; g2Þ
Unwrapðh1; g1Þ  c0ðg1Þ: ð4Þ
5. Last unit of g1-type protein followed by unit h2þ1 of
g2-protein (no gap between proteins; h2 units of
g2-protein are unbound):Biophysical Journal 99(8) 2597–2607
26001%g1%f ; i ¼ Pg1
k¼ 1
mk; 1%g2%f ; j ¼
Pg21
k¼ 1
mk þ 1 þ h2;
1%h2 < mg2;mg1%n%N 

mg2  h2

:
Qnði; jÞ ¼ K

n; g1;mg1
  wð0; g1; g2Þ
Unwrapðh2; g2Þ  c0ðg2Þ:
(5)
6. Left free DNA end continues:i ¼ j ¼
Xf
g¼ 1
mg þ 1 : Qnði; jÞ ¼ wð0; 0; 0Þ ¼ 1: (6)
7. Right free DNA end continues:
i ¼ j ¼
Xf
g¼ 1
mg þ 2; n > 1 : Qnði; jÞ ¼ wð0; 0; 0Þ ¼ 1:
(7)
8. Left free DNA end followed by bound unit hþ1 of g-type
protein (h unbound protein units):
1%g%f ; i ¼ Pf
g¼ 1
mg þ 1; j ¼
Pg1
1
mk þ 1 þ h;
0%h < mg;n%N 

mg  h

:
Qnði; jÞ ¼ wð0; 0; gÞ  Unwrapðh; gÞ  c0ðgÞ:
(8)9. Bound unit (mg h) of g-type protein followed by a non-
interacting gap longer Vg (h unbound protein units):
1%g%f ; i ¼ Pg
1
mk  1 h; 0%h < mg;
j ¼ Pf
g¼ 1

mg þ Vg
 þ 2;mg  h%n < N :
f n ¼ 1 : Qnði; jÞ ¼ wVg þ 1; g; 0  Kn; g;mg  hUnwrapðh; gÞ  c0ðgÞ;n > 1 : Qnði; jÞ ¼ wVg þ 1; g; 0  Kn; g;mg  hUnwrapðh; gÞ:
(9)
10. Large noninteracting gap continues, units before
max(Vg):
i ¼
Xf
g¼ 1

mg þ Vg
 þ 2; 1%k%maxVg;
j ¼ i þ k; : Qnðj; j þ 1Þ ¼ 1:
(10)
11. Large noninteracting gap continues, units after max
(Vg):
i ¼ j ¼
Xf
g¼ 1

mg þ Vg
 þ 2 þ maxVg þ 1;
1 < n < N : Qnði; jÞ ¼ 1: ð11ÞBiophysical Journal 99(8) 2597–260712. Large noninteracting gap followed by bound unit hþ1
of g-type protein (h unbound protein units):
Pf    
i ¼
g¼ 1
mg þ Vg þ 2 þ max Vg þ 1;
j ¼ Pg1
1
mk þ 1þ h; 0%h < mg;1<n%N

mgh2

:
Qnði; jÞ ¼ Unwrapðh; gÞ  c0ðgÞ:
ð12Þ
13. Unit (mg1 h) of g1-type protein followed by l-unit gap
Teif et al.followed by g2-protein:
i ¼ Pg1
k¼ 1
mk  h; 0%h < mg1; j ¼
Pf
g¼ 1
mg þ 2þ
Pg21
g¼ 1
Vg þ l;
1%l%Vg2 for Vg2 > 0;mg1%n%N :f n ¼ 1 : Qnði; jÞ ¼ wðl; g1; g2Þ  Kn; g1;mg1  hUnwrapðh; g1Þ  c0ðg1Þ;n > 1 : Qnði; jÞ ¼ wðl; g1; g2Þ  Kn; g1;mg1  hUnwrapðh; g1Þ:
(13)
14. g1-l-g2 gap continues (l free units before g2-type
protein):
2%l%Vg2 for Vg2 > 0; i ¼
Xf
g¼ 1
mg þ 2 þ
Xg21
g¼ 1
Vg þ l;
j ¼ i 1; 1%n%N : Qnði; jÞ ¼ 1:
(14)
15. g1-l-g2 gap followed by bound unit h þ 1 of g2-type
protein:
i ¼ Pi
g¼ 1
mg þ 2 þ
Pg21
g¼ 1
Vg; j ¼
Pg21
1
mk þ 1 þ h;
0%h < mg2;1 < n < N  mg2  h :
Qnði; jÞ ¼ Unwrapðh; g2Þ  c0ðg2Þ:
(15)
Following standard mathematical notations, in all equa-
tions above we assume that the sum equals 0 in the case
that the upper summation limit is less than the lower limit.
The partition function Z and its derivatives are calculated
recursively, according to Eqs. 16 and 17 (18):
Z ¼ AN 
0
BBB@
1
1
.
1
1
CCCA;
Ai ¼ Ai1 Qn; A0 ¼ð 1 1 . 1 Þ;
(16)
vZ
vKðn; gÞ ¼
vAN
vKðn; gÞ 
0
BB@
1
1
.
1
1
CCA;
vAn
vKðn; gÞ ¼
vAn1
vKðn; gÞ  Qn þ An1 
vQn
vKðn; gÞ;
A0 ¼ ð 1 1 . 1 Þ:
(17)
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cðn; gÞ ¼ vZ
vKðn; gÞ 
Kðn; gÞ
Z
: (18)
Fig. S1 shows exemplary calculations for the binding of
a ligand of length m ¼ 3 to a DNA lattice of length N ¼ 4
with binding constant K and total concentration c0 set to
1. This type of ligand could represent, for example, the flex-
ible linear polyamine spermidine3þ, which can contact the
DNA double helix either by one, two, or three amino-groups
(45–47). In the all-or-none binding model only three states
exist, one free and two bound states (Fig. S1 A). Therefore,
the probability that the first basepair is covered by the
protein is 1/3, while the probability that the second basepair
is covered by the protein is 2/3. When incomplete binding is
taken into account, 25 new possible states have to be consid-
ered (Fig. S1 B). The inspection of all 28 possible states
shows that there are 14 states where the first basepair is
covered and 16 states where the second basepair is covered.
Therefore the probability that the first basepair is occupied
by the ligand is 14/28 ¼ 1/2, while the probability that the
second basepair is bound is 16/28 ¼ 4/7. Calculations ac-
cording to Eqs. 1–18 provide exactly the same values
(Fig. S1 C), demonstrating that the algorithm described
above is correct.20 40 60 80 100 120 140
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FIGURE 2 DNA interactions with the nucleosome core calculated
with the theoretical framework presented here for N ¼ 147 bp of DNA.
The product of equilibrium binding constant and free protein concentration
was kept constant at K  c0 ¼ 1. (A) Binding probability calculated for
the all-or-none model (intermediate states are prohibited) and for the
nucleosome-unwrapping model, in which intermediate states are allowed
for K ¼ 109 M1. (B) Unwrapping probability calculated for different K
values are indicated in the figure. (Triangles) Experimental values of
unwrapping probabilities from Koopmans et al. (33). Note that K represents
the total protein-DNA binding energy in the nucleosome (~1–2 kBT per
1 nm of DNA equivalent to 0.6–1.2 kcal mol1 nm1 at room temperature).
Thus, the partial dissociation of DNA at the ends would occur
spontaneously.RESULTS AND DISCUSSION
In the nucleosome model, the histone octamer core particle
interacts with a continuous stretch of m ¼ 147 DNA base-
pairs. This value is used for all calculations presented
here. Although physically the DNA wraps around the
protein core, in terms of the model it is equivalent to
assuming a flexible protein entity binding the DNA and
covering 147 basepairs upon binding (Fig. 1). Nucleosome
unwrapping is represented by one or more unbound DNA
units at the ends of the protein’s DNA interaction site. In
the lattice formalism, all distances are measured in elemen-
tary DNA units. Throughout this study, the elementary unit
is one basepair. However, the unit size may be set larger than
one basepair for more coarse-grained calculations and to
speed up calculations. For example, assuming that an
elementary unit comprises 10 basepairs would correspond
to a nucleosome length of m ¼ 15 units, and accelerate
calculations by an order of magnitude. Because Eqs. 1–18
are applicable to any number of protein types f, the nucleo-
somes can be represented by one protein of type g¼ 1, while
other proteins, such as linker histones, nonhistone architec-
tural proteins, and transcription factors, can be represented
by additional proteins of type g ¼ (2, f).NUCLEOSOME UNWRAPPING REDISTRIBUTES
THE DNA OCCUPANCY IN FAVOR OF THE INNER
DNA TURN
For a short DNA fragment of N ¼ 147 bp in the presence of
nucleosomes at a midsaturating concentration (K  c0 ¼
1), the histone core particle has only one potential binding
site in the all-or-none model. Therefore, the probability
that any DNA unit is bound by the histone is equal to
0.5 (Fig. 2 A). The nucleosome-unwrapping model predicts
a different behavior. The binding probability is maximal in
the middle of the nucleosome and smoothly decreases
toward the edges of the DNA segment (Fig. 2 A). Thus,Biophysical Journal 99(8) 2597–2607
2602 Teif et al.several basepairs at the DNA entry/exit site of the nucleo-
some can unwrap more easily. This is observed experimen-
tally, for example, in fluorescent spectroscopy (28–33) and
atomic force microscopy studies (27,48). A somewhat
surprising result is that our model predicts also that un-
wrapped DNA segments at the ends of the nucleosome
effectively help to stabilize the inner turn of the DNA in
the nucleosome because they increase the occupancy of
this region (Fig. 2 A). The latter effect is of entropic origin,
as can be understood from a more simple case depicted in
Fig. S1. Because nucleosome unwrapping decreases the
effective length over which histone-DNA interactions
occur, the number of possible bound configurations of the
nucleosome increases. Additional binding configurations
include translational sliding. However, even in the absence
of translational sliding (e.g., if the nucleosome center is
frozen at some position along the DNA lattice), the number
of configurations increases due to differences in the degree
of unwrapping. Both these effects increase the probability
for the ~80 bp of the inner DNA turn of the nucleosome
being associated with DNA.
The magnitude of the effects depicted in Fig. 2 A depends
on the nucleosome-binding constant K and the effective free
histone octamer concentration c0. Because the latter is
affected in the cell by many processes such as the activity
of histone chaperones and chromatin remodeling
complexes, only rough estimates and no exact values of
these parameters are currently available (21). Fig. 2 B shows
calculations performed for different values of K and c0.
Following a recent experimental study, nucleosome unwrap-
ping is quantitatively characterized by the unwrapping prob-
ability (or the equilibrium constant) for wrapping/
unwrapping of a given DNA segment as a function of the dis-
tance to the DNA entry/exit site at the nucleosome (30). In
our calculations, several cases ranging from half-saturation
(K  c0 ¼ 1) to a complete saturation (K  c0 ¼ 1000) were
considered. The experimental data obtained in the study of
Koopmans et al. (33) can be fitted with the value of K ¼
1026 M1 for the equilibrium binding constant in the half-
saturation regime. This would correspond to an interaction
energy of ~1–2 kBT per nm of DNA, which is consistent
with other estimates (39). The nucleosome unwrapping
probability of ~0.1 at a location 27 basepairs inside the
nucleosome reported by Koopmans et al. (30) is in agree-
ment with the value 0.02–0.1 reported by Li and Widom
(49) for the physiological ionic conditions. However, it
should be noted that the two experimental points in Fig. 2
B are not sufficient for a reliable determination of the total
unwrapping energy. Furthermore, in vivo the process of
nucleosome disassembly is likely to proceed via dissocia-
tion of one and then two histone H2A$H2B dimers (50).
The binding/dissociation of one H2A$H2B dimer is charac-
terized by a dissociation constant in the nanomolar range
and could be considered as the initial nucleosome disas-
sembly step.Biophysical Journal 99(8) 2597–2607NUCLEOSOME UNWRAPPING CHANGES
GENOMIC NUCLEOSOME MAPS
The nucleosome-unwrapping model can significantly
change nucleosome occupancy maps as compared to those
calculated for the all-or-none binding model (Fig. 3). In
Fig. 3, A and B, calculations for DNA lattices of 200 and
1000 bp are shown, which represent the characteristic length
scale of promoter regions for which the nucleosome position
has a crucial effect on transcription initiation (51,52). Fur-
thermore, we conducted a comparison with a recent atomic
force microscopy (AFM) study where the exact nucleosome
positions on a yeast DNA sequence were measured via high-
resolution imaging and averaged to derive the nucleosome
probability distribution (48). Fig. 3 C shows the resulting
experimental data for a DNA region of 394 bp from chromo-
some 3 in comparison with the unwrapping and the all-or-
none model. The all-or-none model predicts that a given
394-bp DNA fragment will most probably have two nucle-
osomes close to the DNA ends, and a nucleosome-depleted
region in the middle. While the two-wing structure of this
curve describes the experimental distribution quite well, it
does not explain the experimentally observed increase of
nucleosome-probability in the middle of the DNA. How-
ever, if nucleosome unwrapping is taken into account, the
calculated nucleosome probability displays an increase in
the middle of the DNA segment, in agreement with the
experimental results. Neither the all-or-none model curve,
nor the nucleosome-unwrapping curve completely coincides
with the experimental curve, most likely because DNA
sequence-specificity of binding was not considered. The
latter predicts an energy barrier for nucleosome formation
in the middle of this DNA segment (48), which would favor
depletion, not enrichment, of the nucleosome probability in
the middle of the DNA. The experimentally observed
enrichment of the nucleosome probability in Fig. 3 C can
be explained by the nucleosome-unwrapping model, but
not by the all-or-none binding model.
NUCLEOSOME UNWRAPPING FACILITATES
TRANSCRIPTION FACTOR DNA-BINDING IN THE
PRESENCE OF A NUCLEOSOME
Interaction of transcription factors with nucleosomes is an
integral part of any gene-regulatory process.
One simple and insightful concept for the linkage of TF
and histone octamer binding is the so-called ‘‘collaborative
competition’’ model (53). The nonspecific binding of the
histone octamer to the DNA competes with a sequence-
specific binding of transcription factors. For the case of
two TF binding sites near to each other, the binding of the
first TF may stabilize the partial unwrapping of nucleosomal
DNA so that the binding of the second TF nearby is facili-
tated. Because multiple regulatory DNA sites often occur
within a nucleosome-length distance, cooperativity effects
of this type are to be expected in vivo, and have been
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FIGURE 3 Influence of partial DNA unwrapping on positioning multiple
nucleosomes. The nucleosome-unwrapping model (line 1) was compared
to all-or-none binding (line 2) for K ¼ 109 M1 with a value of c0 ¼
109 M in panels A and B. (A) DNA length N ¼ 200 bp. (B) DNA length
N ¼ 1000 bp. (C) The experimentally observed nucleosome distribution
from Fig. 2A of Milani et al. (48) (line 3) for a DNA region of N ¼ 394 bp
(S. cerevisiae genomic DNA from chromosome 3 pos. 249050-249443) was
compared with the binding probability calculated for this DNA segment
assuming all-or-none binding (line 2) or allowing partial nucleosome un-
wrapping (line 1). The bars shown in the bottom correspond to the raw
data from the AFM measurements of the centers of nucleosome positions
that were rebinned here by summing up all counts within each 1-bp window.
A Lattice Model for Nucleosome Unwrapping 2603observed experimentally in vitro (53,54). To examine the
collaborative competition effect in the context of the all-
or-none versus the nucleosome-unwrapping model, the
calculations depicted in Fig. 4 were conducted. For a mono-
nucleosome with one specific TF-binding site at n ¼ 10 and
a binding site length of 10 bp, the competitive binding under
saturating conditions of histone octamer binding was evalu-
ated (Knuc ¼ 109 M1, c0,nuc ¼ 106 M; KTF ¼ 1010 M1,
c0,TF ¼ 109 M) (Fig. 4 A). In the absence of TF, the nucle-
osome is formed in this region with a probability close to 1.
For the all-or-none binding model, TF binding is strongly
suppressed by the nucleosome under these conditions (the
probability of TF binding is<0.5%). In contrast, a TF occu-
pancy of ~60% is computed for this binding site with the
nucleosome-unwrapping model.
To evaluate the cooperativity of TF binding, a second TF
binding site was added to the same DNA segment, separated
by 5 bp from the first TF binding site (Fig. 4 B). In the frame
of the all-or-none binding model, both TFs bind with a prob-
ability of ~40%. This is much higher than for a single site in
Fig. 4 A and results from the fact, that binding the second TF
becomes much easier as soon as the first TF has bound the
DNA. Because the nucleosome binds as a single entity,
both sites have equal probabilities for TF binding. The
nucleosome-unwrapping model yields a significantly dif-
ferent behavior. The TF occupancy is 80% for the left
binding site, while the second binding site is occupied to
~60% (which is still higher than 40% occupancy in the
all-or-none model). Thus, both the all-or-none and the un-
wrapping model predict the collaborative competition
effect, but the unwrapping model leads to a much higher
cooperativity of TF binding.
In a third scenario, competitive binding of TF and histone
octamer was studied on a longer DNA fragment of 500 bp
(Fig. 4 C). As in the previous calculations, nucleosomes
form nonspecifically whereas TFs have a specific recognition
sequence. In the all-or-none bindingmodel, the collaborative
competition effect weakens with the length of the DNA
segment. TF occupancy at the double binding sites decreases
from 40% in the case of 147-bp DNA (Fig. 4 B) to 10% in the
case of 500 bp DNA (Fig. 4 C). In the nucleosome-unwrap-
ping model, the two TF binding sites are characterized by
TF occupancy at ~70% and hardly decrease with DNA
length. Thus, in the nucleosome-unwrapping model, TFs
always outcompete nucleosomes at these sites for the given
parameter set. This does not mean that in all cases TF binding
probability is higher than that of a nucleosome at a given site.
It rather indicates that the nucleosome probability at a given
site has a noticeable reduction with respect to its average
value due to TF binding. In high-throughput experiments,
such nucleosome-depleted regions are usually interpreted
as sequences with low affinity to bind a nucleosome.A value of c0 ¼ 8  109 M was used in the calculations to improve the fit
to the experimental dataset.
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FIGURE 4 Competitive binding of histone octamer and transcription
factors to DNA. (Solid lines) Calculated for the all-or-none binding model.
(Dashed lines) Nucleosome-unwrapping model. Nucleosome occupancies
in the absence of TF are 1.0 for all positions. TF binding site length
mTF ¼ 10 bp, K(n, nuc) ¼ 109 M1 for any n, c0(nuc) ¼ 106 M, and
c0(TF) ¼ 109 M. (A) N ¼ 147 bp, K(n ¼ 10, TF) ¼ 1010 M1, and K
(n s 10, TF) ¼ 106 M1. (B) N ¼ 147 bp, K(n ¼ [10, 15], TF) ¼ 1010
M1, and K(n s [10, 25], TF) ¼ 106 M1. (C) N ¼ 500 bp, K(n ¼
[210, 225], TF) ¼ 1010 M1, and K(n s [210, 225], TF) ¼ 106 M1.
The index nuc corresponds to the nucleosome core particle while TF
designates the transcription factor.
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sent regions of TF binding sites.
Experimentally, it is found that promoters of transcrip-
tionally active genes are usually depleted from nucleo-
somes, while promoters of transcriptionally inactive genes
are occluded by nucleosomes and remodeled in the process
of gene activation (51,52). Many promoters possess both the
nucleosome-excluding signals (such as poly(dA$dT)
repeats) and the TF- or RNAP-positioning signals such as
TATA boxes (24,55,56). Thus, the egg-or-chicken question
remains unsolved: It is not clear whether the region up-
stream of the transcription start site is nucleosome-depleted
at active promoters due to the inherently low affinity of the
histone octamer to the underlying DNA sequence (57), or
due to the displacement by transcription factors (58) com-
bined with the action of chromatin remodelers (13). The
calculations performed in the context of Fig. 4 support the
view that TF sequence preferences are of the first order of
importance, while nucleosome sequence-preferences are
of second order.INCLUDING A SINGLE-BASE RESOLUTION
UNWRAPPING POTENTIAL FROM MOLECULAR
DYNAMICS SIMULATIONS IN THE LATTICE
MODEL
The calculations above were performed assuming a homog-
enous histone-DNA interaction potential with the energy
equally distributed among all contacts inside the nucleo-
some:
Kðn; g; hÞ ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Kðn; gÞmg
p
:
However, this is not the case in the real nucleosome, where
at least 14 distinct interaction centers have been identified
previously in the crystal structure (59). In order to reproduce
the histone-DNA interaction potential inside the nucleo-
some, we performed a series of molecular dynamics (MD)
calculations (Fig. 5 A). Nucleosomal MD trajectories were
analyzed in terms of the interaction enthalpies between
the DNA and the histone proteins. This resulted in the
single-base resolution interaction energy profile presented
in Fig. 5 B. Based on the relative energy differences derived
from the MD simulations, microscopic binding constants
K(n, g, h) were derived as follows:8<
:
Kðn; g; hÞ ¼ C  expðbDHÞP147
h¼ 1
Kðn; g; hÞ ¼ Kðn; gÞ : (19)
Here K(n, g) is the macroscopic binding constant (the same
one as used in the previous calculations with homogenous
potential), and C is the normalization constant which disap-
pears after solving the expressions in Eq. 19. In Fig. 5 C,
calculations performed for the histone-DNA interaction
potential determined by the expressions in Eq. 19 are
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FIGURE 5 Effect of local variations in histone octamer-DNA interaction
energies on the unwrapping behavior. Calculations in panels B and C were
conducted with K(n,g) ¼ 109 M1, c0 ¼ 106 M. (A) Histone-DNA
interaction map determined from all-atommolecular dynamics simulations.
The bottom panel shows the contribution of the unstructured N-terminal
histone tails to the nucleosomal DNA interactions. Residues in these tails
can be modified by posttranslational modifications, which could modulate
the DNA interaction affinity. (B) The relative interaction energy derived
from the MD simulations of the nucleosome (dashed lines) and the corre-
sponding microscopic binding constants K(n,g,h) (solid lines). (C) Compar-
ison of the nucleosome unwrapping profile calculated for different DNA-
histone interaction potentials: 1), Homogeneous interaction energies K
(n,g,h) ¼ ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃKðn; gÞmgp at all DNA positions. 2), Microscopic binding
constants K(n,g,h) estimated from MD simulations in panel A. 3), Random
microscopic binding constants K(n,g,h) scaled so that their total product
gives K(n,g).
A Lattice Model for Nucleosome Unwrapping 2605presented. As for the homogenous potential, the unwrapping
profile is characterized by the destabilized outer DNA turn
and stabilized inner DNA turn. However, for the more real-
istic interaction potential, the boundary between the inner
and outer turns becomes even more abrupt: ~60 bp of the
outer nucleosome turn can easily unwrap, while the rest of
the DNA has a near-zero probability of unwrapping (it could
be freed only when the nucleosome dissociates as a whole or
some of the nucleosome subunits dissociate). For compar-
ison, we calculated nucleosome unwrapping assuming that
the microscopic binding constants K(n, g, h) take random
values (provided their product gives the same macroscopic
binding constant K(n, g)). These did not reproduce the
abrupt transition of nucleosome unwrapping calculated for
the histone-DNA interaction potential determined from the
MD simulations (Fig. 5 C). Thus, while nucleosome un-
wrapping is dominated by the general energy-entropy
competition described above, specific interactions inside
the nucleosome shape the dissociation behavior of the
DNA to form a rather sharp transition between the outer
and inner turn of the DNA wrapped around the histone
octamer.CONCLUSIONS
Here we have introduced what we believe to be the first
lattice model for protein-DNA binding that takes into
account intermediate protein binding states. This model
provides a significantly more accurate description for the
interaction of the histone octamer with DNA in the nucleo-
some complex than the all-or-none binding model currently
used in the analysis of DNA-protein binding in vitro and
in vivo (9,11–18,41,57,58,60,61). Within the limited avail-
able experimental data sets, the shape of the predicted un-
wrapping curves is consistent with FRET measurements
of the unbinding probability dependence on the length of
unwrapped DNA (30). The nucleosome binding constant
estimated from fitting of these experimental data gives an
unwrapping energy of 1–2 kBT per nm DNA, in agreement
with other studies (36–39). Taking into account partial un-
wrapping of nucleosomal DNA leads to a redistribution of
the DNA occupancies. The outer turn of the nucleosomal
DNA becomes more accessible and the inner turn less
accessible for the binding of transcription factors due to
entropic reasons (Fig. 2). Thus, access of transcription
factors to the DNA close to the site where it enters/exits
the nucleosome is facilitated over binding of the regions
of the nucleosomal DNA.
Taking nucleosome unwrapping into account provides
a more faithful transcription of competitive DNA binding
of TFs and the histone octamer core as well as an explana-
tion for the nucleosome-mediated cooperativity of TF
binding proposed previously (Fig. 3). It also significantly
affects positioning of multiple nucleosomes and thus is rele-
vant for analyzing their distribution at a given genomicBiophysical Journal 99(8) 2597–2607
2606 Teif et al.region. Significant changes of nucleosome binding maps are
expected by taking unwrapping of nucleosomal DNA into
account, as inferred from the comparison of our calculations
with the AFM experiments of Milani et al. (48). It was
shown that the general conclusions obtained with the
homogenous potential remain valid for a more realistic
histone-DNA potential derived from MD simulations. In
addition, a more abrupt boundary between the weakly bound
outer DNA turn and the strongly bound inner DNA turn of
the nucleosome was apparent. For the calculation of nucle-
osome and TF positioning, one should note that the micro-
scopic binding constants K(n,g,h) assigned to each DNA
unit depend on the combination of three parameters: the
position of the protein-binding site along the DNA, n; the
type of nucleosome, g; and the position of a given unit of
nucleosomal DNA with respect to the histone octamer, h.
The dependence on the DNA sequence positions as given
by parameter n has been characterized in detail by various
bioinformatics approaches (4,13,23,24). It can be incorpo-
rated into theoretical descriptions as described elsewhere
(13). The dependence on the internal nucleosome structure,
i.e., the dependence on parameter h, was derived here from
molecular dynamics simulation (Fig. 5).
It is to be expected that an additional layer of variations in
the local histone-DNA interaction strength would be
included by posttranslational modifications of histone tails
(Fig. 5 A). In particular for acetylation of histone lysines,
a direct effect on the stability of the nucleosome core
particle as well as its higher-order interactions has been re-
ported because the positively charged lysine is neutralized
in the acetylated state (62,63). Likewise, also for DNA
methylation a direct effect on the nucleosome stability has
been inferred from spectroscopic in vitro studies (64). Given
appropriate data sets, these effects could be integrated also
into the parameter g to improve quantitative models of
epigenetic regulation (21).SUPPORTING MATERIAL
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